The hypothesis that microvascular complications of diabetes are in part due to the lack of good blood glucose control was suggested soon after the introduction of insulin. It was not until recently, with the introduction of home blood glucose monitoring, glycosylated haemoglobin and better treatment with insulin pumps or multiple injections, that this hypothesis could be rigorously tested.
When Tchobroutsky [1] wrote his brilliant review on the topic in 1978, none of these techniques was in general use. Thus, the purpose of this review is to discuss the research carried out in this field since 1978, to pinpoint the difficulties in the design of such studies, and to draw some conclusions regarding the status of this issue in 1986. We will mostly concentrate on human studies, and we will consider only microangiopathy in Type 1 (insulin-dependent) diabetes mellitus.
The association between long-term control and diabetic retinopathy
Doft et al. [2] followed adolescents (aged 14-17.5 years) with diabetes of at least 8 years' duration for a mean period of 3 years; glycosylated haemoglobin was measured an average of 8 times prior to fluorescein angiography. There was a highly significant correlation between degree of metabolic control as measured by glycosylated haemoglobin and presence of early retinopathy as defined by angiography. The strength of this study is the close matching for chronological age and duration of diabetes in the groups with and without retinopathy. Weber et al. [3] showed similar results. Nine hundred and ninety-six Type 1 diabetic patients with age at diagnosis less than 30 years were included in the large Wisconsin epidemiologic study of diabetic retinopathy [4] . Masked grading of stereoscopic colour fundus photographs and single measurements of glycosylated haemoglobin were performed. In Type 1 patients with less than 10years' duration, the group without retinopathy had lower glycosylated haemoglobin values than the group with retinopathy. Furthermore, the group with only microaneurisms after 10 years' duration had significantly lower glycosylated haemoglobin values than the group with the same severity after less than 10 years of diabetes. These observations suggest that the development of early retinopathy may have to do with the integral of glycosylated haemoglobin over the duration of diabetes.
However, it is necessary to point out that in both the Pittsburgh and Wisconsin studies the difference in glycosylated haemoglobin between patients with and those without retinopathy with the same duration of the disease is on average only about 1%, indicating that many diabetic patients with poor metabolic control over the period studied did not develop retinopathy. In the long run, about 95% of diabetic patients will develop some retinopathy [4] . Also, in the above studies, no difference was shown in glycosylated haemoglobin between those with simplex and proliferative retinopathy, in contrast to a recent study [5] . In the Pittsburgh study [2] , no correlation between isolated random blood glucose and retinopathy was shown, indicating that single blood glucose levels are not representative of blood glucose control.
The Joslin clinic [6] compared 111patients with long-standing Type 1 diabetes who had proliferative retinopathy with 81 patients with similar duration (on average 26 years) who did not have proliferative changes. Those with proliferative changes had higher blood glucose levels on routine clinic visits. A multi-factorial model for the development of proliferative diabetic retinopathy was suggested.
Pirart [7] , in his large prospective study, showed a correlation between the blood glucose control measured by blood and urinary glucose and the development of retinopathy.
The association between long-term control and diabetic kidney disease
The earliest changes firmly associated with the later development of diabetic nephropathy is increased excretion of albumin in urine. Three studies have shown that diabetic patients who have persistently elevated levels of excretion of albumin in urine (between 30-300 rag/ 24 h) are at high risk of clinical diabetic nephropathy over the next 10-15 years [8] [9] [10] . Incipient diabetic nephropathy has been defined as two out of three urinary samples having elevated albumin excretion [10] . The relationship between the development of incipient nephropathy and glucose control has not been studied in detail. In a cross-sectional study, two groups of Type 1 diabetic patients with microalbuminuria were compared to a normoalbuminuric group. Both the high and low microalbuminuric group had higher glycosylated haemoglobin values and higher mean blood glucose levels when compared to the closely matched normoalbuminuric group [11] . Overall, a positive correlation between glycosylated haemoglobin levels and urinary albumin excretion rate was found. Multiple regression analysis showed that glycosylated haemoglobin levels and arterial blood pressure levels were independently correlated with albumin excretion rates. Deckert et al. [12] did not find any difference between the blood glucose control whether looking retrospectively or at a cross-sectional study between patients developing and those not developing diabetic nephropathy; however, glycosylated haemoglobin values were not available to assess earlier diabetic control.
The question of the relationship between development of persistent microalbuminuria and blood glucose control is a crucial one for several reasons. About 40% of Type 1 diabetic patients will develop diabetic nephropathy and will die from the disease if not dialysed or transplanted [13] . Furthermore, proteinuria in Type 1 diabetes is an indicator not only of subsequent renal death but also of early cardiovascular death, suggesting that macrovascular disease is more progressive in patients with persistent proteinuria [14] .
Hasslacher et al, [15] showed that median postprandial glucose concentrations during the first 6 years of observation were significantly higher in patients who subsequently developed persistent proteinuria than those who did not. Furthermore, among the diabetic patients who developed nephropathy, a negative correlation was found between the median blood glucose levels and the time interval between diagnosis of diabetes and onset of persistent proteinuria.
Influence of near normoglycaemia on retinopathy (near normoglycaemic re-entry)
Keen [16] has recently coined the term "normoglycaemic re-entry". Several non-controlled, non-randomized studies have looked at the influence of near normoglycaemia on the progression of diabetic retinopathy. Apart from the few early enthusiastic case reports [17, 18] , these short-term studies did not show any improvement in diabetic retinopathy. Some of them showed a worsening. In the study of 25 eyes with background retinopathy 11 worsened, including two eyes that develop-K. F. Hanssen et al.: Diabetic control and microvascular complications ed proliferative changes [19] . Four of 15 eyes with proliferative changes progressed, and no eye improved. This was a depressing result and, although there was no control group, the results were not encouraging. Other investigators have reported similar results [20, 21] . Van Ballagooie et al. [22] showed a dramatic worsening in some patients. He studied 19 patients with Type 1 diabetes for I year. They were badly controlled beforehand and had a 50% reduction in mean blood glucose following continuous subcutaneous insulin infusion (CSII). Four patients with moderate to severe background retinopathy showed a rapid and severe progression of the fundal abnormalities, with development of florid proliferative diabetic retinopathy three to six months after starting CSII.
In another study, 33 Type 1 diabetic patients freely chose either CSII or conventional treatment and were followed for an average of 30 months. However, the degree of retinopathy was different in the two groups at the start of the study. A marginally better outcome for retinopathy was shown for the CSII group [23] .
As Barbosa [24] clearly pointed out, to study the development and progression of diabetic microangiopathy, randomized trials with well-characterized Type 1 diabetic patients and good quantification of end-points for retinopathy and nephropathy are necessary. A few such studies have been published [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . It is important to stratify the diabetics with respect to clinical variables at entry, i. e., to the different treatment groups. Only two of the studies did that [31, 34] . All studies achieved significantly different glycosylated haemoglobin levels between the control group and the experimental group. The near-normoglycaemia group was achieved with CSII in all studies; in the Oslo study an additional multiple injection group was included. The Aarhus group [33] had diabetic patients with little retinopathy and few with microalbuminuria. One year's results showed no change in these parameters. The Steno study was planned to study the influence of near normoglycaemia on the progression of established retinopathy. The diabetic patients had a mean duration of 19 years and established simplex retinopathy [25] . The degree of retinopathy were assessed by fundus photography and fluorescein angiography at 0, 6, 12 and 24 months. A ranked classification of the colour fundus photographs and fluorescein angiograms were made according to the worst eye of each patient (Table 1) . At I year, deterioration of retinopathy was more frequent in the CSII group than in the conventionally treated group, but the difference was not significant. At 2 years, improvement of retinopathy was more frequent among CSII than among unchanged conventional patients, although the difference was at most marginally significant. Four patients in the CSII group had proliferative retinopathy after 2 years compared to five patients in the unchanged conventional group. The patients who developed proliferative retinopathy had a significantly worse baseline retinal morphology ranking, macular re- covery time and oscillatory potentials when compared to those who did not develop retinopathy. The most common reason for deterioration of fundus photographs was appearance of further cotton wool spots ("exudates"), haemorrhages and "red spots", and on fluorescein angiograms, appearance of further microaneurisms, haemorrhages and capillary-free areas. The Kroc collaborative study [28] randomized 65 Type 1 diabetic patients with a mean duration of diabetes of 17 years and slightly less retinopathy at inclusion than the patients in the Steno study. The study's results were based on eight standard field colour photos of each eye at 0 and 8 months. The retinopathy was graded according to a grading scale developed by the Fundus Photograph Reading Center at the University of Wisconsin. The results were very similar to the 1-year result of the Steno study. The mean retinopathy level was recorded as improved in only four patients (three in the conventional group and one in the CSII group). Deterioration assessed by the mean retinopathy level was greater in the CSII group (15 of 32 patients) than in the conventionally treated group (9 of 33 patients). Progression was most commonly accounted for by the appearance of cotton wool spots or intra-retinal microvascular abnormalities or both. A multivariate classification analysis of the progression of retinopathy indicated lower plasma glucose as the best single predictor of worsening of retinopathy [29] . The Kroc study was designed as a feasibility trial for 8 months, but half of the patients continued in their treatment group for an additional 16 months. The 2-year data showed the opposite results. Compared to the start of the study, the patients in the CSII group had slightly less retinopathy than the conventionally treated group [30] . However, there were many dropouts from the first to the second year. Nevertheless, as in the Steno study, the 2-year results indicate that the initial worsening of retinopathy is a transient one if the retinopathy is not too advanced when starting intensified treatment.
The Oslo study included 45 Type 1 diabetic patients of more than 7 years' duration, regardless of whether they had simplex retinopathy [31] ; 25% did not have visible retinopathy on fluorescein angiograms at entry. The Type 1 diabetic patients were subrandomized at entry according to age, duration of disease, sex, glycosylated haemoglobin, and degree of retinopathy into three treatment groups: 15 received conventional treatment (two times a day of mixed regular and NPH insulin); 15 received multiple injection therapy (regular insulin before each meal (4-5times daily) and NPH at bedtime), and 15 treated themselves with CSII. Both colour fundus photographs and fluorescein angiography were performed at times 2, 0, 3, 6, 12 and 24 months. A continuous progression of retinopathy was shown in the conventional group. In the CSII group, a significant deterioration was observed during the first 3 months. In the multiple injection group, no significant changes were detected. One patient developed transient proliferative retinopathy in both eyes after three months of CSII [21] . CSII treatment was continued, and within 3 months almost all retinal changes had regressed without laser treatment.
In the study as a whole, 15 patients were identified by indirect ophthalmoscopy and binocular split lamp biomicroscopy as developing cotton wool spots after 3-6 months of treatment. No patient in the conventionally treated group developed cotton wool spots. Patients who developed cotton wool spots differed in their diabetic control from those treated by CSII and multiple injections who did not develop these changes. Patients who developed cotton wool spots were characterized by a larger decrement in mean blood glucose values and glycosylated haemoglobin values, more frequent episodes of hypoglycaemia, a longer duration of diabetes, and more severe retinopathy at the start of intensified treatment.
As in the Steno and Kroc studies, the two-year results regarding retinopathy were quite different [32] . By evaluating microaneurysm (red spot) count, which previously had been found to be a reliable marker of early retinopathy [36] , microaneurysms increased significantly at 2 years in the conventionally treated group (p < 0.01). In the CSII group, no significant difference in microaneurysm count was detectable between 0 and 2 years. In the multiple injection group as well, no significant progression between 0 and 2 years was found. These results demonstrate that intensified treatment, whether it is by CSII or multiple injections, can retard (or prevent) the progression of early retinopathy over a 2-year period. Although evaluation of the total retinopathy from the angiograms did not indicate any significant difference between the three different treatment groups, when the patients treated with CSII and conventional treatment in the Steno and Oslo studies were combined, a highly significant difference between the deterioration in retinopathy in CSII and conventional treatment is evident (Table 1) .
It should be pointed out that there are many methodological considerations which make it questionable to combine these studies. The Steno study had more advanced retinopathy at the start, and the methods for assessing progression were slightly different in both studies. However, the combined 2-year results of the Steno/Oslo study clearly indicate that intensified insu-lin treatment during 2 years retards or prevents the progression of diabetic retinopathy.
The problems in assessing the influence of near-normoglycaemia on the development and progression of diabetic retinopathy is partly due to the totally unexpected deterioration in diabetic retinopathy found by many investigators shortly after initiating intensified insulin treatment [20, 21, 25, 28, 31] . Thus, by studying the diabetic patients for just 1 year, one might get the impression that indeed intensified insulin treatment is harmful to the retina. However, it is not surprising that it should take longer than i year to stop or reverse a lesion like diabetic retinopathy which has been evolving for about 10-15years before becoming clinically significant.
It should be pointed out, however, that it is not necessary to treat patients with insulin pumps or multiple injections to experience an initial deterioration in retinopathy [37] . Daneman et al. [38] observed that, by giving badly treated children (Mauriac syndrome) insulin only twice daily, a similar phenomenon of worsened diabetic retinopathy was evident. Furthermore, case reports on the development of proliferative retinopathy during intensified two-injection insulin therapy in Type 1 diabetic patients of only 5 years' duration (Haakens, personal communication) and after starting diet treatment in Type 2 (non-insulin-dependent) diabetes mellitus (Bjornstad, personal communication) showed that it is not the intensified insulin treatment itself that is important but the relatively abrupt lowering of blood glucose. Whether the number of hypoglycaemic episodes or the lowering of mean glycaemia as such is important is unclear. However, we favor the view that it is the lowering of blood glucose or factors associated with this that represent the major causal factor. Whether the rate of fall of blood glucose is important is speculative. To discover the transient worsening of retinopathy it is important to do an ophthalmological examination during the first 3-6 months after a considerable fall in mean blood glucose levels. Whether it is necessary to perform this examination as a routine procedure is not clear. However, it is evident that diabetic retinopathy may change relatively rapidly, more so than believed until recently. Not much is known about the mechanism for this deterioration in retinopathy, but hypoxia and ischaemia seem to be common denominators in both background and preproliferative retinopathy. Although speculative, a pathophysiological model may be adapted to explain our findings [39] . The rate of oxygen consumption is higher and the oxygen release capacity is reduced in diabetic patients compared to normal subjects. The relative hypoxia may worsen further because of the reduced oxygen consumption of the retina found in hyperglycaemia. When hyperglycaemia also impairs retinal oxygen autoregulation, a rapid decrease in blood glucose deprives the retina of oxygen and nutritive elements. The increased retinal blood flow may also be substantially reduced after a rapid normalization of blood glucose, and relative hypoperfusion may result. Brinchmann-Hansen et al. [40] have recently shown that a widened diameter of both veins and arteries, signifying vasodilation and increased blood flow, predict the development of cotton wool spots upon intensifying insulin treatment.
The influence of near normoglycaemic re-entry on diabetic nephropathy
Whether near normoglycaemia can influence the development and progression of early diabetic nephropathy has been studied extensively during the last few years [41, [44] [45] [46] [47] . Earlier studies have shown that exercise-induced albumin excretion is reversible with CSII treatment [42] . However, the predictive value of exercise-induced albuminuria for diabetic kidney disease has recently been questioned [43] , and later studies have relied on baseline excretion of albumin during overnight collection, 4-h timed or 24-h collections. When clinical diabetic nephropathy has developed (excretion of more than 500 mg of urinary protein/24 h), further progression of the disease is unaffected by improved control for 1-2 years [45] . In an uncontrolled study by Tamborlane et al. [41] , near normoglycaemia did not influence the progression of diabetic nephropathy. It must be emphasized, however, that high blood glucose levels in themselves may lead to increased excretion of albumin in urine [44, 45] . This is rapidly reversible after instituting fair blood glucose control.
In a group of diabetic patients with intermittent proteinuria (positive Albustix at no more than two consecutive occasions over a period of at least 1 year), Bending et al. [48] did not show any influence of near normoglycaemia over a period of 6 months. However, the albumin excretion rate proved to be widely different at baseline among different subjects, ranging from a normal 7 mg/min to 286mg/min, making a conclusion difficuR.
Influence of near normoglycaemia on incipient nephropathy
Incipient nephropathy can be defined as at least two out of three sterile 24-h collections in the range of 30-300 mg/24 h (20-200 lxg/min).
The randomized studies investigating diabetic retinopathy have also studied certain aspects of incipient diabetic nephropathy. None of the studies showed an early worsening of albuminuria, as was shown for diabetic retinopathy when instituting near normoglycaemia. The Steno study included eight diabetic patients with incipient nephropathy. Over a 2-year period, five in the conventional group progressed to clinical proteinuria compared with only one in the CSII group [49] . In the Kroc study, 10 diabetic patients in each treat-ment group initially had supranormal albumin excretion (>12mg/min). The patients with supranormal albuminuria who received CSII had a progressive decline in albumin excretion [28] . However, as there is a 40-50% variation in the excretion of urinary albumin from one day to another [50] , relying on single urinary samples, as the Kroc study did, makes interpretation of the results uncertain [51] .
In the Oslo study, mean urinary albumin excretion was only slightly elevated at the start of the study. Urine albumin decreased significantly after 3 to 4years of CSII (26 to 16 mg/h, p < 0.05). Urine albumin remained unchanged during conventional treatment (21 vs 22 rag/24 h) (unpublished observation).
In a new trial, a prospective randomized study looked specifically at the influence of near normoglycaemia on the progression of incipient diabetic nephropathy in 36 Type 1 diabetic patients with persistently elevated urinary albumin randomized to conventional treatment or CSII. At I year [34] , kidney size was reduced, but no significant changes in glomerular filtration rate or urinary albumin were observed. However, at 2 years' observation, using a more sensitive technique for following urinary albumin excretion longitudinally in the individual patients (longitudinal regression lines), the progressive increase in urinary albumin excretion continued in the conventional treatment group and was arrested or even reversed in the CSII group (2p < 0.03).
Glomerular filtration rate was reduced significantly in the CSII treated group and unchanged in the CIT treated group [35] . Furthermore, after 2 years five patients in the conventionally treated group had developed clinical nephropathy (albuminuria > 300 mg/24 h) versus none in the CSII group (p < 0.05). These are very encouraging results, but we do not know as yet whether the reduction in albuminuria in the CSII group in the long term will prevent renal insufficiency in these patients.
Near normoglycaemia and diabetic neuropathy
Diabetic neuropathy may be the most common diabetic complication. The relationship between changes in nerve conduction velocity and clinical diabetic neuropathy has been unclear. Recent studies both in man [52] and in the spontaneously diabetic BB rat [53, 54] suggest that reduction in nerve conduction velocity is indeed sensitive and reliable in the detection of diabetic neuropathy.
Gregersen [55] has shown as early as 1967 that, when poorly controlled diabetic patients were fairly well controlled, their motor nerve conduction velocity improved. Many investigators have described similar results [56, 57] .
Moreover, positive correlations between ne~e conduction velocities and blood glucose control have been found in numerous studies [57, 58] . Although recent studies have described improvement of nerve conduc-681 tion velocities in acute metabolic neuropathy during CSII [59, 61] , few patients were included in these studies; only two studies included a control group [60, 62] , and none had frequent initial nerve conduction velocity measurements to distinguish between acute metabolic and chronic neuropathy. Recently, in a small randomized trial [62] with six diabetic patients treated with CSII and six treated conventionally, no changes were shown regarding any parameter after four months (they studied 40 different parameters), but after 8 months a small but significant difference was shown for a few of these parameters. However, the authors are fully aware of the difficulties in their conclusions due to the short observation period and small number of diabetic patients studied. In the Oslo study [32] , we investigated motor nerve conduction velocities in three nerves and sensory nerve conduction in two nerves, amplitude of sensory action potentials and vibration perception threshold. No significant changes in motor nerve conduction velocity were observed in any of the groups during the preperiod or the first year. However, after 2 years a significant improvement of motor nerve conduction velocity was observed in the CSII group in all nerves tested when compared to the conventional group, in which deterioration was found. The difference in motor nerve conduction velocity was up to 6 m/s (n. ulnaris) when comparing CSII and conventional treatment.
It is important to note that all diabetic patients had motor nerve conduction velocities within the normal range and no clinical signs of diabetic neuropathy when intensified insulin treatment was started. Nevertheless, they increased their nerve conduction velocities substantially compared to the conventionally treated group. It is tempting to speculate that near normoglycaemia reverses the early phase of diabetic neuropathy as has been shown in the BB rat [53] . It thus appears that CSII treatment is highly effective, much more so than the marginal effect shown by aldose reductase inhibitors [63] in maintaining normal nerve conduction velocities. Autonomic neuropathy, as evidenced by beat to beat variation, deteriorated in the conventional group and did not change in the CSII group in the Steno Study [26] .
Concluding remarks
We have summarized recent data from a series of studies carried out since 1978 whose results show that blood glucose levels are important for the development and progression of' diabetic microangiopathy in humans. These studies have shown that 2 years of near normoglycaemia retard or arrest the progression of diabetic microangiopathy in the kidney, retina, autonomic and peripheral nerves. These are highly encouraging results. 
2'0
The benefits of the best possible metabolic control for Type i diabetic patients are well documented and proven; the methods on how to achieve this goal remain a matter of further investigation and trial.
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We think that the question to be addressed in the future is not in essence whybut howto maintain good metabolic control. This is a formidable task and there are many difficulties ahead. One must ask if the blood glucose level needs to be totally normalized. It is obvious from the data that what we call "near normoglycaemia" is far from normal, with large oscillations; for the majority of even the intensively treated patients, glycosylated haemoglobin levels are still outside the normal range. It is important to realize that almost all the patients subsequently developed some retinopathy in the Wisconsin study [4] , meaning that even the best regulation achieved in the past was unable to completely avoid diabetic retinopathy. The dose-response curve for the relationship between hyperglycaemia and diabetic microangiopathy is not known (Fig. 1) . Furthermore, it is obvious that all microvascular complications are strongly correlated to the known duration of the disease as well as the glucose levels achieved. We might think of an integral of glycosylated haemoglobin levels over the years of disease as the crucial determinant.
The findings we have presented in this review do not of course rule out the possibility that additional factors may be important in the development and progression of diabetic angiopathy, among those an individual susceptibility to tissue damage by high blood glucose. To date those genetic factors which can be identified at present have not been shown to play a major role in the development of microangiopathy [64] .
To develop strategies to help Type 1 diabetic patients cope with their disease and achieve as good blood glucose control as possible is a formidable task. Keystones are education [65] and motivation [66] .
Recently available techniques of home blood glucose monitoring, glycosylated haemoglobin, insulin injection pens to facilitate multiple injection regimes, and insulin pumps all have their place in this effort. Near normoglycaemia can be achieved, but the problem of serious hypoglycaemia is very important and potentially dangerous [67] .
